failures is controlled to first order by geometrical relations (size and distance of asperities). 37
experimentally the long-term recurrence behavior of a pair of asperities coupled by quasi-27 static stress transfer over hundreds of seismic cycles. We statistically analyze long (c. 500 ka) 28 time-series of M8-9 analogue earthquakes simulated using a seismotectonic scale model 29 approach with two aims: First, to constrain probabilistic measures (frequency-size 30 distribution, variability) useful for hazard assessment and, second, to relate them with 31 geometric observables (coseismic slip pattern, locking pattern). We find that the number of 32 synchronized failures (double events) relative to the number of individual failures (solo 33 events) as well as the coefficient of variation of recurrence intervals scale with the logarithm 34 of stress coupling between the asperities. Tighter packed asperities tend to recur more 35 periodically while more distant asperities show clustering. The probability of synchronized 36 failures is controlled to first order by geometrical relations (size and distance of asperities). 37
The effects of rheological properties are evident but it remains to be explored to which extent 38 they vary in nature and how sensitive the system is to those. 39
Introduction 40
Giant magnitude 9 earthquakes unzip up to 1000 km long segments of active plate margins. 41
Such long ruptures include failure of several asperities. Pre-requisites to fail synchronously 42 (or sequentially in short succession, i.e. within seconds) are a homogeneous high stress level 43 along the margin (i.e. in a late interseismic stage in different segments of the megathrust) and 44 a trigger for nucelation which might be very small depending on the state of synchronization. 45 Ruff (1996) introduced the idea of synchronization of the seismic cycle "clocks" in 46 subduction zones by static stress transfer leading to giant earthquakes. He developed and 47
analyzed a simple mechanical model consisting of two frictional spring-sliders coupled by a 48 spring as an analogon of a segmented subduction zone with segments interacting by means of 49 stress coupling ( sliders as depicted by Ruff (1996) and the modern transformation of the idea by means of asperities coupled by 56 elastic stress transfer in an elastic medium.
57
In a modern view Ruff's (1996) idea is based on clock advances triggered by static (Coulomb) 58 stress transfer between asperities embedded in an elastic medium (Figure 1) . 59 Rosenau et al. 
116
Dynamic similarity of the laboratory scale model with the natural prototype requires the ratios 117 of forces, which are expressed as dimensionless numbers, to be the same as in nature. We use 118 the following set of dimensionless numbers to ensure similarity with respect to strength , 119 gravity G, and inertia I: 120 7 1. The ratio between gravitation and strength (either elastic, frictional or viscous) is 121
where is the rock density, l is a characteristic length, g is the gravitational acceleration, and 123 is the elastic, frictional or viscous strength. 124 2. The Froude Number Fr relates gravitation and inertia and is 125
where v is a characteristic velocity. 127 3. The Cauchy Number Ca relates inertia and elasticity and is 128
where k is the bulk modulus. 130
By keeping these dimensionless numbers the same in an experiment executed in the earth's 131 gravity field as in nature, the following scaling relationships are derived from equations (1) to 132 (3): 133
where "*" marks the model numbers and values. The ratios between model and natural 137 prototype values are known as the scaling factors [Hubbert, 1937] . 138
These scaling relationships dictate the experimental conditions and material properties (Tab. 139 1) for a given length scale and material density. The model materials used here are three times 140 less dense and designed at a length scale (l*/l) = 3.3 • 10 -6 such that 1 cm in the scale model 141 corresponds to 3 km in nature. According to equations (4) -(6) it follows that the scale model 142 Rosenau et 2017 8 has to be weaker than the natural prototype by a factor (/) = 1.1 • 10 -6 and should deform 143 ~ 500 times slower during analogue earthquakes in order to properly scale the body forces. 144
The corresponding coseismic time scale is (t*/t) = 1.8·10
- The model megathrust is defined by a few millimeters wide shear zone which forms at the 165 base of the wedge ("subduction channel", Shreve and Cloos [1986] ). It is characterized by 166 rate-and state-dependent frictional behavior similar to nature [Scholz, 1998 ]. In particular, it Table 1 . 175
The two asperities have an along subduction zone strike center-to-center distance (hereafter 176 called spacing) dx and are a relative shift across subduction zone strike (hereafter called 177 offset) dy (Figure 2b ). This configuration allows exploring the effects of stress coupling (as 178 defined below in section 2.2.2) as well as strength contrast. We define the latter as the shear 179 strength of the weaker (shallower) asperity 2 relative to the stronger (deeper) asperity 1: 180
Strength contrast therefore ranges theoretically from close to 0 to 1. Note the somewhat 182 counter-intuitive effect that low strength contrasts are reflected by Tau2/Tau1 values. In total 183 12 configurations have been realized in which we vary the strength contrast from 0.6 to 1.0 184 and the stress coupling from a few ppm to percent (Fig. 2c) 
Elastic dislocation modelling 219
We use elastic dislocation modelling following Okada (1992) and Okada (1985) 
Slip inversion 227
Surface deformation during analogue earthquakes as captured by PIV is converted into 228 coseismic slip along the megathrust using inversion factors derived by forward elastic 229 dislocation modelling. Accordingly we find the factors relating horizontal surface deformation 230 UY directly above the dislocation at depth to slip S along it to range between 0.2 and 0.5 231 depending non-linearly on the depth of dislocation ( Figure A1 ). Shallow dislocations show 232 larger factors, i.e. are less attenuated. We do not aim at a formal inversion or distributed slip 233 modelling. Instead we consider here mean coseismic surface displacement over the projected 234 surface area of the asperity to be a valuable proxy for mean coseismic slip over the asperity at 235 depth. 236
Stress coupling 237
For quantifying the interaction by means of stress coupling between the asperities we follow 238 the principles of static Coulomb stress transfer (CFS) modelling as established by King et al. 239 (1994) Toda and Stein (2002) and Lin and Stein (2004) . 240
The model setup for CFS modelling is such that we impose thrust slip on one asperity (trigger 241 asperity) and average the predicted CFS increase (dCFS) for thrust faulting on the receiver 242 asperity (Fig. 2a) . We then define a parameter called stress coupling as the CFS increase 243 averaged over the receiver asperity normalized by the stress drop on the trigger asperity: 244
Stress coupling = dCFS/dTau.
(8) 245
In the present setup stress coupling is in the order of less than a ppm up to one percent similar 246 to nature. Stress coupling falls off exponentially with distance and varies non-linearly across-247 strike of the megathrust as a function of asperity spacing (dx) and offset (dy, Fig. A2) . 248
Numerical analysis of surface deformation time series 249
Experimental time-series of surface deformation consist of typically a sequence of 30.000 250 images and corresponding incremental vector fields. To detect analogue earthquakes from 251 such a big data set we usually rely on computational algorithms sensitive to accelerations 252 validated by visual inspection. However, because of experimental noise such a kinematic 253 approach based on thresholding velocity usually has a high detection limit. Instead of 254 thresholding velocities to detect earthquakes stages we here employ a numerical time-series 255 analysis technique developed in computational statistics. This allows us to detect events 256 which can be below the detection threshold of classical kinematic approaches. 257
As input we use the surface deformation time-series of mean across-strike velocities UY_1(t) 258 and UY_2(t) in the surface projection area of the two asperities (Figure 3c 
Statistical analysis of analogue earthquake sequences 283
Based on the long sequences of analogue earthquakes we explore the recurrence behavior and 284 its intrinsic variability by means of univariate and bivariate statistics. 285
A simple measure of probability, used by earlier studies as well, is the relative number of 286 events of a given character (e.g. solo events, double/synchronized events). To get further 287 insight into the statistics however, the present studies allows producing probability 288 distribution functions (pdf) of distinct event parameters. We here use the pdf of moment 289 Rosenau et 
Experimental observations and interpretations 299

Seismic performance of the scale model 300
A typical earthquake catalogue simulated by our scale model consist of up to 500 events of 301 moment magnitude 8-9 which occur over a time-period of about 500 ka (Fig. 4a) . M8 events 302 usually involve only one asperity while a synchronous failure of both asperities usually results 303 in the M9 events. Analogue earthquakes are always followed by afterslip lasting for not more 304 than one frame (0.1 s) surrounding the asperities (Figure 3 a, b) . Generally the shallow 305 asperity generates more surface displacement than the deep one: This is related to static 306 effects as predicted by elastic dislocation modelling ( Figure A1 ). The picture inverts when the 307 correction for depth of dislocation is applied. Then, deeper asperities show larger slip. This is 308 consistent with higher loads causing higher frictional strength at greater depth as predicted by 309 Mohr-Coulomb theory. As a consequence, the deeper asperities are mechanically stronger and 310 able to accumulate more slip deficit in the interseismic period compared to the shallow 311
asperities. 312
We refer to slip events which occur on both asperities within one time frame (0.1 s) as double 313 or synchronized events. If the second event occurs independently within the next frame, we 314 refer to it as an aftershock or a clustered event. A minority of aftershocks are actually 315 relatively small normal faulting events. We interpret those as a result of dynamic overshoot 316 during the preceding thrust event. Normal events occur almost exclusively in the shallow 317 asperity. We include those rare normal events in our analysis since they represent an integral 318 part of the long-term slip budget. Accordingly, they show up with a negative seismic moment 319 in Figure 4a . 320 
364
The significant trends of M0 and Trec with dCFS/dTau are replotted in Figure 7 with a 365 differentiation between all events (solo and double events) and solo events to explore the 366 effects of stress coupling on the frequency-size distributions in more detail. Consistently, 367 considering only double events increases mean seismic moment and mean recurrence time 368 and decreases the associated CVs. This is simply a result of setting a magnitude threshold. 369
More interestingly, however, is the observation that the trends differ for the two groups of 370 events: For example, the positive correlation of Trec with stress coupling observed for all 371 events is inverted to a negative correlation if only double events are considered (Fig. 7a) . This 372 is simply the result of double events being systematically rarer in more weakly coupled 373 Rosenau et al._synchro_v1.2 04.12.2017 22 systems as has been predicted by Ruff (1996) . At the same time, recurrence times of double 374 events are more sensitive to stress coupling than the recurrence times of all events: Double 375 events recur almost randomly for weakly coupled systems and periodically for strongly 376 as well as in the Nankai area are mechanically more effective than in our setup. 419 We conclude that for the moment, the full complexity of the proxy B by Kaneko et al. (2010) 
